Climate change is mainly caused by excessive emissions of carbon dioxide and other greenhouse gases. In order to reduce carbon emissions, cap and trade policy is implemented by governments in many countries, which has significant impacts on the decisions of companies at all levels of the low carbon supply chain. This paper investigates the decision-making and coordination of a low carbon supply chain consisting of a low carbon manufacturer who produces one product and is allowed to invest in green technology to reduce carbon emissions in production and a retailer who faces stochastic demands formed by homogeneous strategic customers. We investigate the optimal production, pricing, carbon trading, and green technology investment strategies of the low carbon supply chain in centralized (including Rational Expected Equilibrium scenario and quantity commitment scenario) and decentralized settings. It is demonstrated that quantity commitment strategy can improve the profit of the low carbon supply chain with strategic customer behavior. We also show that the performance of decentralized supply chain is lower than that of quantity commitment scenario. We prove that the low carbon supply chain cannot be coordinated by revenue sharing contract but by revenue sharing-cost sharing contract.
Introduction
In recent years, global warming resulting from excess emissions of carbon dioxide and other greenhouse gases has been challenging the survival and development of human beings, leading to serious consequences like droughts, heat waves, sea level rise, intense rainfall, and so forth. Research shows that global warming is mainly caused by human activities (at least 90% probability) [1] . Therefore, achieving a sustainable low carbon economy by changing the mode of human production and life has become the focus of global attention [2] . Developing low carbon economy also challenges the supply chain management. In addition to the development of carbon reduction technology and new energy technologies, increasing number of researchers and entrepreneurs pay attention to the optimization of supply chain operation strategy to reduce carbon emissions.
In order to meet the goal of carbon emissions reduction, the governments all over the world tend to implement carbon emission regulation policies. Compared with other regulation policies, cap and trade policy is effective in reducing corporate carbon emissions without increasing costs significantly [3] and has obvious advantages in feasibility, fairness, and business participation [4] . Cap and trade policy has become the preference of governments as it achieves the goal of effective carbon reduction through dual means of regulation and market [5] .
The implementation of cap and trade policy makes the carbon emission permits the essential factors of production. For supply chain businesses, in addition to carbon emissions trading, investing in production process improvement, carbon capture, and storage technologies of production process is another way to get carbon emission permits [6, 7] . Green technology investment will increase production cost but also can save carbon emissions for businesses and get additional revenue. Furthermore, customers tend to buy low carbon products with the gradual increase of the environmental awareness among them [8] . By investing in green technology, 2 Discrete Dynamics in Nature and Society customers can meet the low carbon demand of customers and obtain the corresponding competitive advantage. Businesses in supply chain needs to trade off the costs and benefits of green technology investment to decide whether to invest. Therefore, under the cap and trade policy, study on low carbon supply chain operation strategies optimization with green technology investment is of great theoretical value.
In recent years, scholars and practitioners have taken greater interests in strategic customer behavior, which is shown in the increasing marketing and operations research literature on the problem. Strategic customer behavior refers to the behavior of customers who do not buy products at full price but wait until the products markdown. Research shows that the ignorance of the strategic customer behavior in operation strategies would be harmful to the performance of supply chain [9, 10] . Strategic customer behavior has become a common phenomenon in perishable product sales process, which made it a regular assumption in many literatures [11] [12] [13] . Therefore, considering strategic customer behavior, to study low carbon supply chain strategies and coordination is more realistic.
The production, pricing, carbon trading, and green technology investment problems are examined in a supply chain setting made up of a retailer and a manufacturer. The manufacturer can invest in green technology to reduce unit carbon emissions of the product and distribute the product to strategic customers through the retailer. Three key questions are addressed in the paper.
(1) In centralized supply chain setting, what is the optimal production quantity, pricing, carbon trading strategy, and green technology investment?
(2) In centralized supply chain setting, can quantity commitment improve the supply chain performance and what effect does the quantity commitment have on the supply chain strategies? (3) In decentralized supply chain setting, what is the optimal strategies for the retailer and manufacturer, respectively? How to coordinate the decentralized supply chain to achieve the performance in quantity commitment scenario?
After a review of the literature in Section 2, we present the model descriptions and assumptions in Section 3. In Section 4, the centralized supply chain setting models are discussed. We obtain the optimal strategies for the centralized decision-maker in scenarios of Rational Expectations Equilibrium (RE Equilibrium) and quantity commitment (QC), respectively. In Section 5, the optimal strategies for the manufacturer and the retailer in decentralized supply chain setting are discussed. We design supply chain coordination mechanism in Section 6. In Section 7, we present conclusions of our findings and highlight possible future work.
Literature Review
There are two streams of literature closely related to our work: literature on low carbon supply chain management and literature on supply chain business decisions with strategic customer behavior.
The literature on low carbon supply chain management can be further divided into two classes. One is the research on centralized supply chain, that is, single business decisions, and the other is the research on decentralized supply chain decisions and coordination. As to the literature on single business decisions, a lot of researchers examined the impact of cap and trade policy without green technology investment, such as Dobos, 2005 [14] , Chen et al., 2015 [15] , Chen and Wang, 2015 [16] , and Chang et al., 2015 [17] . This stream of literature explores the research framework that examines the effect of cap and trade policy on low carbon supply chain decisions but the green technology investment is not included. Meanwhile, a lot of researchers have introduced green technology investment into low carbon supply chain management. Zhao et al., 2010 [18] , developed a carbon emissions allowance allocation system with green technology investment in electric power market. Yalabik and Fairchild, 2011 [19] , investigated the manufacturer's investment decision on environmentally friendly product with customer behavior and government regulation. They showed that the manufacturer had an incentive to carry out green technology investments to reduce carbon emissions when the customer demand was emissions-sensitive. Toptal et al., 2014 [20] , investigated the joint decisions of procurement and green technology investment under carbon tax and cap and trade policy, respectively. They also discussed the effect of different carbon policies on the decision of green technology investment. In Manikas and Kroes, 2015 [21] , a forward buying heuristic is designed for those firms who get carbon emissions by auctions. As to the literature on decentralized supply chain decisions and coordination without green technology investment, Benjaafar et al., 2013 [22] , introduced carbon emissions into the simple supply chain system and investigated the procurement, production, inventory, and green technology investment decisions with cap and trade policy. Xu et al., 2015 [23] , studied the production and pricing problem of a MTO supply chain consisting of a two-product manufacturer and a retailer. The manufacturer is constrained by cap and trade policy and determines the wholesale price of the two products. Zhen et al., 2015 [24] , examined the retailer's optimal pricing, ordering, and transportation mode strategies with cap and trade policy. They showed that the retailer preferred low carbon transportation mode with cap and trade policy under certain conditions. There are a few literatures on decentralized supply chain decisions and coordination with green technology investment. Swami and Shah, 2013 [25] , considered the customer's environmental awareness, that is, the green technology investments of firms in the supply chain would affect the customer demand, and design a coordination mechanism for the supply chain based on costs sharing contract.
As to the literature on supply chain business decisions with strategic customer behavior, Coase, 1972 [26] , first paid attention to strategic customer behavior in economics. He found that when the monopoly company faced strategic customer, the monopoly company would set the margin cost as the price and earn zero profit. We review Discrete Dynamics in Nature and Society 3 this stream literature from two aspects of centralized and decentralized supply chain decisions with strategic customer behavior. Su, 2007 [27] , investigated the dynamic pricing of a monopolist selling a finite inventory over a finite time period. The demand was endogenous and intertemporal. The customers were heterogeneous and strategic. The research shows that the heterogeneous valuation and patience of customers determine the optimal pricing policies structure. Zhang and Cooper, 2008 [28] , considered a firm that sells a single product over two periods and examined the effects of strategic customer behavior on the firm's rationing and pricing decisions. Their research shows that when prices were fixed in advance, rationing could improve revenue. Whang, 2015 [29] , considered heterogeneous strategic customers with different reservation value and studied the effect of demand uncertainly on the retailer's markdown policy. Du et al., 2015 [30] , taking strategic customers into consideration with risk preference and decreasing value, studied the joint stock and pricing decision problem. Compared with classical newsboy models, the ordering quantity and total profit got lower when strategic customer behavior was taken into consideration. As to the effects of strategic customer behavior on the decentralized supply chain performance and coordination strategy, Su and Zhang, 2008 [31] , examined the effect of strategic customer behavior on the performance of supply chain and the valve of commitment. They characterized Rational Expected Equilibrium between strategic customers and the retailer. They showed that quantity commitment could improve the seller's profit and decentralization could improve the supply chain performance. Yang, 2012 [32] , studied the effect of competition and discounting on the performance of decentralized supply chain with strategic customer behavior. It showed that the performance of a centralized supply chain was lower than that of a decentralized supply chain when strategic customers existed. It showed that retailer competition and the firm and customer discounting were also driving factors of higher decentralized supply chain performance except for double marginalization effect. Yang et al., 2015 [33] , addressed the effect of quick response on the performance of supply chain when strategic customer behavior was taken into consideration. They compared the quick response value in different supply chain structures. They showed that a decentralized supply chain with revenue sharing contracts could achieve the performance of a centralized supply chain, but allocating the profit arbitrary in supply chain members could not be realized here.
Nevertheless, despite the increased attention on low carbon supply chain management in operations management literature, very few studies have been carried by considering green technology investments and cap and trade policy simultaneously. To the best of our knowledge, there are no published works that introduce strategic customer behavior into low carbon supply chain framework to investigate the optimal production, pricing, carbon trading, and green technology investment decisions. One distinction of our model is examining the optimal strategies of low carbon supply chain by considering cap and trade policy, green technology investment, and strategic customer behavior simultaneously. Another distinction is systematic consideration of optimizing low carbon strategies in centralized and decentralized scenarios. The contributions of our work are as follows: first, we obtain the optimal production, pricing, carbon trading, and green technology investment strategies for companies at all levels of low carbon supply chain in different scenarios. Second, we analyze the impact of quantity commitment on the operation strategies of a centralized supply chain and its performance. Third, coordination mechanisms for low carbon supply chain with strategic customer behavior are designed based on revenue sharing-cost sharing contract.
Model Descriptions and Assumptions
We examine a two-echelon low carbon supply chain made up of a low carbon manufacturer and a retailer. The manufacturer produces a product and distributes it to customers through the retailer. We divide the wholesales period of the retailer into two phases. The retailer sells the product at full price in phase one and at salvage price in phase two. If the product is sold out in phase one, phase two does not exist. The customers are homogeneous strategic customers who will take into account the possibility of buying the product at salvage price to choose buying the product at full price or wait to purchase the product at salvage price to maximize the expected surplus. Each customer purchases one product at most.
Variables and parameters for model development adopted in this study are denoted as in Notations section.
Because the parameters must meet certain conditions to make sense, we assume the following:
(1) ≤ . Only when the retail price is no more than the customer reservation price, the customer may purchase the product at full price.
This condition ensures that there is a positive profit margin for the manufacturer, retailer, and customers when a product is sold to customers. In addition, the production cost is greater than the salvage price, which indicates that the retailer will lose money when the product fails to sell at full price. This prompts the retailer to order the products according to the customers' demand, because the excess inventories generate losses.
(3) > + . This condition states that the manufacturer is willing to produce products with cap and trade policy. Otherwise the manufacturer will not produce products but sell carbon emissions to earn profits.
(4) The shortage cost of the manufacturer and operating cost of the retailer are not taken into consideration.
(5) We assume that the manufacturer and the retailer are all rational and self-interested; that is, both of them aim to maximize their profit. We also assume that they are risk neutral.
(6) The carbon emissions in production is the main source of the total carbon emissions. So we only consider the carbon emissions of production.
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Discrete Dynamics in Nature and Society (7) The green technology investment is the function of , denoted by ( ). We assume that ( ) ≥ 0, ( ) > 0, and ( ) > 0. This is consistent with the practice. The conditions show that the margin green technology investment is increasing in carbon emissions reduction rate. Referring to d' Aspremont and Jacquemin, 1988 [34] , we set ( ) = (1/2) 2 , where represents the efficiency of green technology investments.
Variables and parameters related to low carbon include (a decision variable which represents the carbon emissions trading policy), (a decision variable which represents the green technology investment policy), and and (represent the initial carbon emissions and unit price of carbon emissions trading, resp.).
Centralized Supply Chain Model
In this section, we assume that the manufacturer is authorized to determine the production, pricing, carbon trading, and green technology investment strategies under cap and trade policy to maximize the profit of the centralized supply chain. At the beginning, the government allocates a certain amount of free carbon emissions to the manufacturer. During the producing process, if the carbon emission is limited, the manufacturer should buy extra carbon emissions from the external market. Otherwise, if the carbon emission is enough, the manufacturer could sell extra carbon emissions to gain revenue. At the end of the period, carbon emissions of the manufacturer must not exceed the carbon emission rights it holds.
The sequence of events in this part is as follows: first, the manufacturer forms the belief of customers' reservation price and then decides the retail selling price, product quantity, carbon trading volume, and green technology investment; second, the customers form the beliefs prob of probability of the product sold at salvage price according to the information of market price and then form the reservation price ; third, the customers' demand is satisfied and the products are sold at full price ; finally, all remaining products are sold to the external market at salvage price .
Rational Expectations Equilibrium Scenario.
We characterize the RE Equilibrium between the manufacturer and the strategic customers. Muth, 1961 [35] , first proposed rational expectations hypothesis, which refers to the situation that there is no systematic bias between the actual economic result and people's expectations. Then, Su and Zhang, 2008 [31] , introduced it into operations management to analyze the decision problems of the enterprises when strategic customer behavior is taken into account. Since then, the rational expectations hypothesis has been adopted by scholars all over the world [13, 27, 30] .
First, we examine the decision problem of strategic customers. The customers choose to buy the product immediately at price or wait for markdown to maximize their expected surplus. The customer surplus is V − when the customer buys the product at full price and (V − ) prob at salvage price. Therefore, the maximum expected surplus of the customer is max{(V − ) prob , V − }. If and only if (V − ) prob ≤ V − , the customer will buy the product at full price. So given prob , we can obtain the customer's reservation price
Then, we examine the decision problem of the manufacturer. The profit function of the manufacturer with cap and trade policy and green technology investment, denoted by ( , , , ), is
First two items represent the manufacturer's expected profit without cap and trade policy and green technology investment. This is the same with the newsvendor model. The third item represents the carbon emissions trading cost/profit of the manufacturer. The forth item represents the cost of manufacturer investing in green technology.
The carbon trading volume after green technology investment under cap and trade policy is
First term represents the manufacturer's carbon emissions in production after green technology investment; the second term represents initial free carbon emission owned by the manufacturer.
Then ( , , , ) can be transformed into
The beliefs of the manufacturer over the customer's reservation price are . Obviously, the manufacturer will set = ; and are the maximizer max , ( , , ) when given . According to the definition of RE Equilibrium, the RE Equilibrium solution ( , , , , , prob ) must meet
= .
Conditions (4), (5), and (6) indicate that the manufacturer and customers will choose the action to maximize their own utility. Conditions (7) and (8) can ensure that the solution meets rational expectations hypothesis, that is, the actual situation of economic operation in line with people's expectations.
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The Rational Expectations Equilibrium makes
The production, pricing, and green technology investment decision model of the manufacturer with cap and trade policy and green technology investment is max , ( , , ) ,
2 ( ) = / . 1 ( ) represents the margin profit of unit carbon emission, that is, the profit gained by the manufacturer with one unit carbon emission input in production; 2 ( ) represents the margin cost of unit carbon emission, that is, the cost that the manufacturer invests in green technology to get one unit carbon emission reduction.
Lemma 1. Given and (V − ) ( ) ( ) −
2 > 0, ( , , ) is a joint concave function of and in RE Equilibrium.
The Hessian Matrix of the problem is negative definite, and then we can prove that ( , , ) is joint concave function of and when given and (V − ) ( ) ( ) − 2 > 0. This completes the proof.
As to the manufacturer's optimal production quantity (denoted by * ), pricing (denoted by * ), carbon trading (denoted by * ), and green technology investment (denoted by * ), the following proposition is obtained. 
Proof. According to Lemma 1, if (V − ) ( ) ( ) − 2 > 0, let ( , , )/ = 0, ( , , )/ = 0 and combine (9) Solving the equations above can derive the optimal production, pricing, carbon trading, and green technology investment strategies of the manufacturer. This completes the proof.
Proposition 2 shows that, considering strategic customer behavior, the manufacturer's optimal production quantity, pricing, carbon trading volume, and green technology investment strategy with cap and trade policy and green technology investment exist and are unique. The inherent implication of the proposition is very intuitive. 1 ( ) represents the margin profit of unit carbon emission, 2 ( ) represents the margin cost of unit carbon emission, and is the unit carbon emission trading price which can be seen as marginal cost or profit by carbon emission trading. The optimal strategies of the manufacturer are that the margin profit of unit carbon emission is equal to the margin cost of unit carbon emission. The marginal cost of getting unit carbon emission from different way (green technology investment or buying) is equal. The marginal profit of unit carbon emission for different uses (production or sale) is equal. Substitute * , * , and * into (3); we can obtain the maximum expected profit of the manufacturer with cap and trade policy and green technology investment:
Quantity Commitment Scenario.
In traditional literature on strategic customer behavior, quantity commitment can improve the manufacturer's expected profit. Quantity commitment refers to the action in which the manufacturer promises customers that only a certain number of products is produced and sold. In low carbon supply chain setting, can the maximum expected profit be improved by quantity commitment? We attempt to answer the question in this paper.
We assume that the manufacturer can convince customers by appropriate means that they only can obtain units of the product in the wholesales period. At this time, the strategic customers no longer need to anticipate the probability of getting the product at salvage price. When is given, the probability of being able to get the product at price is ( ). The reservation price is ( ) = V − (V − ) ( ), which also is the optimal pricing of the manufacturer. We have = (1 − ) − ; then we can obtain the expected profit 
So, the manufacturer's optimal production quantity and carbon reduction rate in QC scenario are ( * , * ) = arg max ≥0,0< <1 ( , ), the optimal price is * = V − (V − ) ( * ), and the optimal carbon trading volume is
Lemma 3. Given , the optimal green technology investment strategy of the manufacturer, denoted by * , satisfies * ≡ ( ) = , 0 < * < 1.
Proof. We have
( , )/ = 0; we get * ≡ ( ) = / . In addition, according to the assumption in Section 3, we know 0 < * < 1. This completes the proof. (14),
Then the two-variable optimization problem is simplified as a single variable optimization problem:
Proof. The first-order and second-order derivatives of ( ) are
Then we can obtain that ( ) is a concave function of . This completes the proof.
As to the manufacturer's optimal production quantity in QC scenario (denoted by * ), the following proposition is obtained.
Proposition 5. If
2 / − (V − )[3 ( ) ( ) + ( )( − ∫ 0 ( ) )] < 0, the optimal production quantity in QC scenario ( * ) satisfies
Proof. It can be directly derived according to Lemma 4. This completes the proof.
Proposition 5 shows that, under certain condition, the optimal production quantity of the manufacturer with cap and trade and green technology investment exist and are unique.
The Effect of Quantity Commitment.
The effect of QC on the optimal strategies and the maximum expected profit of the manufacturer is analyzed by comparing the optimal strategies and the maximum expected profit of the manufacturer in RE Equilibrium scenario and QC scenario.
Proof. In order to ensure that the manufacturer's optimal strategies in the two scenarios exist, the condition 2 / < min{(V− ) ( ) ( ), (V− )[3 ( ) ( )+ ( )( −∫ 0 ( ) )]} must be held. Then ( ) is a concave function of . According to Proposition 2, we have 1 ( * ) = 2 ( * ) = .
2 ( * ) = can be written as * = * / . Then we also can
We can obtain (
Then we get * < * . Because = / and = V − (V − ) ( ) are held in the two scenarios, we can obtain * > * and * < * according to * < * . This completes the proof. Proposition 6 shows that, compared with RE Equilibrium scenario, the manufacturer's optimal production quantity is lower, the optimal pricing is higher, and the optimal carbon reduction rate is lower in QC scenario.
Proof. In order to ensure that the manufacturer's optimal strategies in the two scenarios exist, the condition 2 / < 
Decentralized Supply Chain Model
In this section, the retailer and the manufacturer make decisions independently to maximize their own expected profit. The manufacturer is the Stackelberg leader and determines the wholesale price and the green technology investment under cap and trade policy. The retailer is the follower and determines the retail price and the order quantity of the product.
The sequence of events in this section is as follows: first, the manufacturer determines the optimal wholesale price, carbon trading, and green technology investment strategies; second, the retailer forms the belief of customers' reservation price and then decides the optimal retail price and order quantity; third, the manufacture produces products and delivers to the retailer; fourth, the customers form the beliefs prob of probability of the product sold at salvage price according to the information of market price and then form the reservation price ; fifth, the customers' demand is satisfied and the products are sold at full price ; finally, all remaining products are sold to the external market at salvage price .
The Optimal Strategies.
First, we examine the decision problem of the retailer. Recall that is the manufacturer's wholesale price. The retailer's expected profit, denoted by ( , ), is
Lemma 8. When is given, ( , ) is a concave function of .
Proof. When is given, according to (20) , we have ( , )/ = ( − ) ( ) − ( − ) and 2 ( , )/ 2 = −( − ) ( ) < 0. Then, we know that ( , ) is a concave function of when is given. This completes the proof.
As to the retailer's optimal strategies in RE Equilibrium, we can obtain the following proposition.
Proposition 9.
When the wholesale price is given, the retailer's optimal order strategies ( * ) and optimal pricing strategies ( * ) with strategic customer behavior are
Proof. In RE Equilibrium, (9) still holds. Let ( , )/ = 0 and, combining with (9), we have
According to Lemma 8, we can obtain the optimal order and pricing strategies of the retailer by solving the equations above. This completes the proof.
Proposition 9 shows that the retailer's optimal order and pricing strategies in RE Equilibrium with cap and trade policy exist and are unique.
Second, we investigate the manufacturer's decision problem. The expected profit function of the manufacturer with green technology investment and cap and trade policy is ( , , ) = ( − ) − − (1/2) 2 . According to (21) , with green technology investment and cap and trade policy in wholesale price contract, the optimal order quantity of the retailer * and the optimal wholesale price of the manufacturer * is a one-to-one relationship:
Combined with = (1 − ) − , the manufacturer's expected profit function can be converted into
When using wholesale price contract, the total profit of the supply chain, denoted by sc ( , , , ), is
According to (9) and = (1 − ) − , the total supply chain profit function in RE Equilibrium can be simplified as
Lemma 10. Given , the optimal green technology investment strategy of the manufacturer, denoted by * , satisfies * ≡ ( ) = 0 < * < 1.
Proof. The first-order and second-order partial derivatives of ( , ) with respect to are ( , )/ = − and 2 ( , )/ 2 = − < 0. Let ( , )/ = 0; we get * ≡ ( ) = / . In addition, according to the assumption in Section 3, we know 0 < * < 1. This completes the proof. 
(30)
Proof. The first-order and second-order derivatives of ( ) with respect to are
Then we have that ( ) is a concave function of . This completes the proof.
In decentralized supply chain, as to the manufacturer's optimal wholesale price (denoted by * ), the following proposition is obtained. 
Proof. According to Lemma 11, we can obtain that * , which maximizes the manufacturer's expected profit, satisfies (31) . Combining with (24), we know that the manufacturer's optimal wholesale price satisfies * = + (V − ) 2 ( * ) at this time. This completes the proof.
Proposition 12 shows that the optimal commitment quantity of the manufacturer in decentralized supply chain with green technology investment and cap and trade policy exist and are unique. The optimal wholesale price does not relate to the cap allocated by the government but relates to the carbon trading price. This is because the production of the manufacturer is not affected by the cap but is affected by the margin cost of the product. However, the margin cost of the product varies with the change of carbon trading price when carbon trading is allowed. The change results in that the optimal commitment quantity is not related to the cap but relate to the carbon trading price. Substitute * into (22); we derive the retailer's optimal pricing in decentralized situation * = +√( * − )(V − ).
According to Lemma 10, we get the optimal green technology investment of the manufacturer * = ( / ) * . Substitute * , * , * , and * into ( , ), ( ), and sc ( , ); we obtain the maximum expected profit of the retailer, the manufacturer, and the supply chain in decentralized channel:
The Effect of Decentralization.
We examine the impact of decentralization on the supply chain optimal strategies and maximum expected profit when green technology investment is taken into consideration by comparing the optimal strategies and the maximum expected profit in centralized and decentralized channel with green technology investment and cap and trade policy. As the effect of decentralization of supply chain, we can obtain the following proposition.
Proposition 13. Consider
Proof. In Proposition 6, * < * , * > * , and * < * have been proved. Therefore, we only need to prove * < * , * > * , and
Define ( ) = 2 ( ) − ( − ∫ 0 ( ) ); then ( ) = ( ) − 2 ( ). Because (0) = 0, (0) = 1, and satisfies IFR, we know that the value of ( ) starts from 0, increasing first and then decreasing in . That is, ( ) = 0 has unique solution and we denote it as̃. So when <̃, ( ) > 0; that is, ( ) is increasing in ; when >̃, ( ) < 0; that is, ( ) is decreasing in . Then we have that ( ) is a quasi-concave function of and (̃) = (̃) − 2̃(̃) < 0. According to the analysis above, we know that (̃) = 0; that is, 2̃(̃) = (̃− ∫0 ( ) ). Substitutẽinto ( )/ ; we have
According to Lemma 4, we have that ( ) is a concave function of , so we get * <̃. Because 2̃(̃) = (̃− ∫0 ( ) ) and ( ) is a quasi-concave function of , then we get that ( )/ < ( )/ if <̃and ( )/ > ( )/ if >̃. Therefore, the only possible orderings for * , * , and̃arẽ< * < * and * < * <̃. We have proved * <̃, so we have * < * . We get * > * because and satisfy = V − (V − ) ( ) in two situations. We get * < * because and satisfy = / in two situations. This completes the proof.
Proposition 13 shows that for the decision of a decentralized supply chain with green technology investment, the optimal production quantity is increasing, the optimal price is decreasing, and the green technology investment (i.e., carbon reduction rate) is increasing, respectively, in the three situations of decentralized supply chain, QC scenario, and RE Equilibrium scenario.
The reason is that the manufacturer prefers higher wholesale price (i.e., lower production and less green technology investment) to guarantee its own profit maximization, though this may harm the retailer, even the whole supply chain.
In Proposition 7, we have found
; that is, the manufacturer's maximum profit in QC scenario is always greater than that in RE Equilibrium. Therefore, the section analyzes the effect of decentralization on supply chain performance based on the QC scenario to provide benchmark for designing of subsequent coordination contract.
As to the effect of decentralization on the maximum profit of supply chain, we have the following proposition.
Proposition 14.
Consider sc ( * , * ) < ( * , * ).
Proof. The optimal green technology investment in decentralized supply chain and QC scenario are ( ) = / according to Lemmas 3 and 10. So the profit function in the two situations above can be converted into a same single variable function with respect to , that is, (16 Proposition 14 shows that the maximum profit of decentralized supply chain is always lower than that in QC scenario which indicates that the profit of the decentralized supply chain can get higher. This is the benchmark of supply chain coordination.
Supply Chain Coordination
This section coordinates the supply chain with green technology investment and cap and trade policy based on the QC scenario to improve the profit of the decentralized supply chain. 
Coordination Contract Based on Revenue and Costs
The total expected profit of the whole supply chain, denoted by sc ( , , ), is
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The subscript represents the situation of supply chain coordination using revenue sharing contracts.
As to the retailer's optimal order strategy (denoted by * ) and pricing strategy (denoted by * ) of the supply chain with revenue sharing contract, the following proposition is obtained.
Proposition 15.
Under revenue sharing contracts, the retailer's optimal order strategy ( * ) and optimal pricing strategy (
Proof. According to the definition of RE Equilibrium, we also have = V − (V − ) ( ) under revenue sharing contracts.
The first-order and second-order derivative of ( , , ) with respect to are Proposition 15 shows that the optimal order and pricing strategies of the retailer based on revenue sharing contract in RE Equilibrium exist and are unique. This is also the retailer's optimal response function with respect to .
Substituting (39) into (43),
Given and , the manufacturer's green technology investment strategies with revenue sharing contracts exist and are unique. Let ( , , )/ = 0; we get * ≡ ( ) = / , and substitute it into ( , , ): Proof. The derivative of ( , ) with respect to can be arranged as follows:
Only when = 0 are the optimal strategies of supply chain under revenue sharing contracts equal to that in QC scenario. Let * represent the optimal wholesale price of the manufacture and * represent the retailer's optimal order quantity. Then ( , , ) = − * * < 0. So the revenue sharing contract can not realize the supply chain coordination at this time. This completes the proof.
Proposition 16 shows that revenue sharing contracts can not realize the supply chain coordination with green technology investment and cap and trade policy. The reason is that the manufacturer undertakes all the costs of green technology investment when using revenue sharing contracts, thus making the manufacturer tend to invest less in green technology. Only when the manufacturer owns all the revenue will the manufacturer's optimal green technology investment under revenue sharing contracts be equal to that in QC scenario. However, the maximum profit of the retailer is negative at this time and it will not participate.
Coordination Contract Based on Revenue Sharing-Cost
Sharing Contract. Proposition 16 states that the supply chain with green technology investment and cap and trade policy can not be coordinated by revenue sharing contracts because the costs of green technology investment are undertaken by the manufacturer and the game of retailer and customers is characterized by RE Equilibrium. So we consider costs sharing of green technology investment and carbon trading and quantity commitment made by the manufacturer based on revenue sharing contracts. Let (0 < ≤ 1) represent the ratio of revenue kept by the retailer and let (1− ) represent the ratio of revenue delivered to the manufacturer. (0 ≤ ≤ 1) represents the ratio of costs of green technology investment and carbon trading undertaken by the manufacturer and (1 − ) represents the ratio of costs of green technology investment and carbon trading delivered to the retailer. The retailer's expected profit function with revenue sharing-cost sharing contract is
We have = (1− ) − ; then the manufacturer's expected profit function, denoted by ( , , , ), is ( , , , )
The subscript represents the situation that using revenue sharing-cost sharing contract coordinates the supply chain. Proof. When the parameters of revenue sharing-cost sharing satisfy (45), the expected profit function of the retailer and the manufacturer can be written as follows:
The optimal order of decentralized supply chain is equal to that of QC scenario. Substitute = V − (V − ) ( ) into sc ( , , ); we get that the profit function of decentralized supply chain at this time is the same as that of QC scenario. Therefore, when the parameters of revenue sharing-cost sharing ( , , ) satisfy (45), the decentralized supply chain coordination is realized. The manufacturer earns all the profit if = 0 and the retailer earns all the profit if = 1. Arbitrary allocation of the supply chain profit between the manufacturer and the retailer is allowed. This completes the proof.
Proposition 17 shows that revenue sharing-cost sharing contract can realize the supply chain coordination on condition that the manufacturer makes a quantity commitment to the customers. The optimal production quantity and green technology investment in decentralized situation are lower than that in QC scenario. The quantity commitment of the manufacturer can increase the green technology investment and production quantity and also reduce the retailer price. That is, the quantity commitment is beneficial for the manufacturer, the retailer, and customers. Thus, the quantity commitment is credible to customers now.
Conclusions and Suggestions for Further Research
This paper investigates the production, pricing, carbon trading, and green technology investment strategies and the coordination of low carbon supply chain made up of a low carbon manufacturer and a retailer. The low carbon manufacturer produces one product under cap and trade policy and performs green technology investment to reduce carbon emissions in production process. The retailer orders from the manufacturer and distributes the product to homogenous customers. To the best of our knowledge, this is the first study on the management of low carbon supply chains with strategic customer behavior. This paper provides several interesting observations.
Observation 1.
There are unique optimal production, pricing, carbon trading, and green technology investment strategies in centralized (include RE Equilibrium scenario and QC scenario) and decentralized supply chain. Therefore, by deriving the optimal production, pricing, carbon trading, and green technology investment strategies in different situations, the low carbon manufacturer and the retailer can behave appropriately based on our findings to maximize their profit.
Observation 2. Our findings also show that the centralized supply chain can improve its performance by quantity commitment. However, the manufacturer's production and green technology investment are reduced while the optimal price is increased at this time. Therefore, quantity commitment is beneficial for the supply chain but is harmful to customers.
Observation 3.
We also show that the performance of decentralized supply chain is lower than that in QC scenario. We find that the decentralization reduces the manufacture's optimal production quantity and green technology investment and increases the retailer's optimal price. Besides, we find that the optimal production quantity is increasing, the optimal price is decreasing, and the green technology investment is increasing, respectively, in the three situations of decentralized supply chain, QC scenario, and RE Equilibrium scenario.
Observation 4. We demonstrate that the traditional revenue sharing contracts can not realize the low carbon supply chain coordination when green technology investment is taken in consideration. We also find that the revenue sharingcost sharing contract realizes the decentralized supply chain coordination when the manufacturer makes a quantity commitment. It is beneficial to the manufacturer, the retailer, and customers if the manufacturer makes a quantity commitment. So the quantity commitment is credible to the customer at this time.
We assume the customers are homogeneous strategic customers. But the myopic customers and strategic customers often coexist and strategic customers also have different tolerance in real-life. Extending this assumption will have a knock-on effect on supply chain decisions. So one key research direction is to consider that the customers are mixed customers: myopic customers and strategic customers. Second, we assume that the supply chain only produces one product. While this simplified setting provides some interesting insights, we have to acknowledge that a manufacturer usually produces two or more products. These products will substitute or complement each other. So one important extension of our work is to assume that the manufacturer produces two or more products, which have different unit carbon emissions in production.
Notations
: The random demand and ≥ 0 (⋅): Probability density function of (⋅): Distribution function of . We assume that satisfy IFR and define = 1 − : Unitproductioncost :
Unit salvage price of the product which is an exogenous variable V:
The customers' utility from consuming the product :
Unit wholesale price :
Unit retail selling price. We assume that it can be observed by the customers :
The manufacturer's production quantity/the retailer's order quantity. We assume that it cannot be observed by the customers :
The customers' reservation price, which is customers' private information and cannot be observed by the retailer : Thebeliefsofthemanufactureroverthe customer' reservation price prob : The beliefs of customers over their chances of obtaining the product at phase two :
Initial free carbon emission allocated by government :
Unit carbon emission trading price :
Carbon trading volume :
Carbon emissions reduction rate.
